Liver and skeletal muscle mitochondria proteomes are altered in pigs divergently selected for residual feed intake by Grubbs, Judson Kyle et al.
Animal Science Publications Animal Science
2014
Liver and skeletal muscle mitochondria proteomes
are altered in pigs divergently selected for residual
feed intake
Judson Kyle Grubbs
Iowa State University, grubbjk@iastate.edu
Elisabeth J. Huff-Lonergan
Iowa State University, elonerga@iastate.edu
Nicholas K. Gabler
Iowa State University, ngabler@iastate.edu
Jack C. Dekkers
Iowa State University, jdekkers@iastate.edu
Steven M. Lonergan
Iowa State University, slonerga@iastate.eduFollow this and additional works at: http://lib.dr.iastate.edu/ans_pubs
Part of the Agriculture Commons, Cell Biology Commons, Meat Science Commons, and the
Structural Biology Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
ans_pubs/57. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Animal Science at Digital Repository @ Iowa State University. It has been accepted for
inclusion in Animal Science Publications by an authorized administrator of Digital Repository @ Iowa State University. For more information, please
contact digirep@iastate.edu.
J. K. Grubbs, E. Huff-Lonergan, N. K. Gabler, J. C. M. Dekkers and S. M. Lonergan
selected for residual feed intake
Liver and skeletal muscle mitochondria proteomes are altered in pigs divergently
doi: 10.2527/jas.2013-7391 originally published online March 26, 2014
2014, 92:1995-2007.J ANIM SCI 
http://www.journalofanimalscience.org/content/92/5/1995
the World Wide Web at: 
The online version of this article, along with updated information and services, is located on
www.asas.org
 at Serials Acquisitions Dept on November 21, 2014www.journalofanimalscience.orgDownloaded from 
1995
Liver and skeletal muscle mitochondria proteomes  
are altered in pigs divergently selected for residual feed intake1,2
J. K. Grubbs, E. Huff-Lonergan, N. K. Gabler, J. C. M. Dekkers, and S. M. Lonergan3
Department of Animal Science, Iowa State University, Ames 50011
ABSTRACT: Animals selected for residual feed intake 
(RFI) can be used as a model to elucidate molecular 
explanations for differences in growth efficiency. The 
objective of this study was to determine the extent to 
which the protein profile and posttranslational modifi-
cations of mitochondria from skeletal muscle and liver 
relate to feed efficiency gains in pigs divergently selected 
for RFI. Mitochondria were isolated from the longissimus 
dorsi (LD) muscle and the liver from pigs (n = 9 each for 
the high and low RFI line; BW = 95.8 kg). Mitochondria 
protein profile differences were determined using two-
dimensional difference in gel electrophoresis. Proteins 
were identified using electrospray ionization mass spec-
trometry. In the line comparison, the β subunit of ATP 
synthase, heat shock protein (HSP) 60, and HSP70, were 
identified as being increased in mitochondria from the 
liver of the low RFI line (23 to 50%; P < 0.1). These 
differences were not observed in the other comparisons. 
In the LD, proteins identified as being different between 
RFI phenotypes included HSP70 and subunit 1 of the 
cytochrome bc1 complex. These data indicate that genet-
ic selection for RFI tends to result in a consistent change 
in mitochondrial protein profile. In contrast, classifica-
tion by phenotype demonstrates that phenotypic differ-
ences in RFI are not specifically associated with altera-
tions of the mitochondria protein profile.
Key words: two-dimensional difference in gel electrophoresis,  
metabolism, mitochondria, residual feed intake
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INTRoDuCTIoN
The biology underlying feed efficiency in livestock 
for lean tissue gain and meat production is complex. To 
elucidate some of these biological differences in feed 
efficiency, we used Yorkshire pigs that have been di-
vergently selected for residual feed intake (RFI; Cai 
et al., 2008). Residual feed intake is a measure of feed 
efficiency calculated by determining the difference be-
tween an individual animal’s observed feed intake and 
its expected feed intake based on the animal’s rate of 
growth and backfat (Boddicker et al., 2011; Cai et al., 
2008). Pigs with a low RFI consume less feed than ex-
pected while maintaining similar growth performance 
and back fat compared to high RFI pigs (Barea et al., 
2010; Boddicker et al., 2011).
Mitochondria are responsible for 90% of ATP pro-
duction in the body. We have previously shown that 
differences in the mitochondrial protein profile, over a 
broad pH range of 3 to 10, may contribute differences in 
mitochondrial functionality and influence dietary energy 
utilization and oxidative stress (Grubbs et al., 2013a,b). 
It is well established that a protein’s functional pheno-
type is determined by posttranslational modifications 
(PTM) such as phosphorylation. Therefore, PTM differ-
ences may be more important than simple protein abun-
dance. Posttranslational modifications may contribute 
differences in RFI phenotype between and within lines 
divergently selected for RFI. Use of a narrow pH range 
(4 to 7) improves the resolution of a two-dimensional 
(2D) protein profile and will aid in the identification of 
proteins that may be modified. Defining how the mito-
chondria protein profile responds to genetic selection for 
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RFI (Grubbs et al., 2013b; Smith et al., 2011) provides 
insight into cellular processes that govern feed efficiency. 
Therefore, the overall objective of this paper was to deter-
mine the extent to which the mitochondria protein profile 
of skeletal muscle and liver relate to feed efficiency in 
pigs divergently selected for RFI.
MATERIALS AND METHoDS
Animals
All animals were handled in accordance with pro-
cedures approved by the Iowa State University Animal 
Care and Use Committee (1-11-7058-S). Nine gilts from 
the high RFI and 9 gilts from the low RFI lines of the 
eighth generation of the Iowa State University swine 
RFI selection project were used in this experiment (Cai 
et al., 2008). Pigs were selected by matching weights 
across lines and individually penned with ad libitum ac-
cess to water and feed. All pigs were fed a standard corn–
soybean–dried distillers grain solubles diet that met or 
exceeded NRC (1998) nutrient and energy requirements 
for this size pig. The diet and overall performance were 
reported previously (Grubbs et al., 2013a). Growth per-
formance is reported in Table 1. Residual feed intake 
phenotype was calculated as previously described (Cai 
et al., 2008; Young et al., 2011).
Tissue Collection and Mitochondria Isolation
All pigs were euthanized by lethal dose of sodium pen-
tobarbital in pairs over 9 d (n = 1 per RFI line per day). 
A section of the longissimus dorsi (LD) from the lumbar 
region and a portion of the liver were collected and placed 
on ice for transport back to the laboratory (1 h postmortem). 
Liver was washed in PBS immediately before homogeni-
zation in the lab to facilitate blood removal.
Mitochondria were isolated via differential centrif-
ugation as previously described (Grubbs et al., 2013b; 
Iqbal et al., 2004; Smith, 1967) but with modifications. 
All steps were carried out at 4° C. Each tissue (80 g) was 
homogenized in 5 volumes of Buffer A (220 mM manni-
tol, 70 mM sucrose, 2 mM HEPES, 1 mM ethylene gly-
col tetraacetic acid, and 0.5 mg/mL fatty acid free BSA, 
pH 7.4). The slurry was centrifuged (twice at 600 × g for 
10 min) and the pellet was reserved. After each centrifu-
gation, the supernatant was strained through twice fold-
ed cheesecloth. Mitochondrial pellets were formed by 
centrifuging at 7,750 × g for 20 min, the supernatant was 
decanted, and pellets were washed 3 times with Buffer B 
(220 mM mannitol, 70 mM sucrose, 2 mM HEPES, and 
0.5 mg/mL fatty acid free BSA, pH 7.0). Washed mi-
tochondria were suspended in 2 to 3 mL of Buffer B. A 
modified Lowry protein assay (Lowry et al., 1951) was 
performed to determine protein concentration (BioRad 
Laboratories, Hercules, CA). Mitochondria were placed 
Table 1. Growth and performance measures within each of the 4 comparisons using pigs genetically selected for high 
versus low residual feed intake (RFI). Pigs were allocated according to the objective for each comparison. The RFI 
phenotype comparison grouped individuals based on their RFI phenotype irrespective of genetic selection line. The 
between-line comparison used only genetic line. In the within high RFI and low RFI line comparisons, pigs were 
grouped based on RFI phenotype within their respective genetic line
Comparison RFI, kg/d ADG, kg/d ADFI, kg/d Final BW, kg
Between-line comparison (n = 9 per line)
High line 0.029 0.752 1.93 97.4
Low line –0.15 0.627 2.36 94.2
P-value 0.020 0.045 0.002 0.338
SEM 0.07 0.058 0.116 3.22
RFI phenotype across lines comparison (n = 9 per group)
High index 0.076 0.748 2.38 98.8
Low index –0.197 0.632 1.91 92.9
P-value <0.0001 0.067 0.0004 0.065
SEM 0.047 0.059 0.106 3.97
RFI phenotype within high RFI Line (n = 4 per group)
High within high RFI Line 0.097 0.788 2.50 98.6
Low within high RFI Line –0.165 0.728 2.21 97.1
P-value 0.003 0.543 0.056 0.77
SEM 0.056 0.543 0.12 4.96
RFI phenotype within Low RFI Line (n = 4 per group)
High within low RFI Line 0.011 0.612 2.10 96.2
Low within low RFI Line –0.238 0.664 1.78 92.5
P-value 0.016 0.613 0.17 0.548
SEM 0.075 0.097 0.20 5.81
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into aliquots containing a total of 2 mg of protein, snap 
frozen in liquid nitrogen, and stored at –80°C until use.
Protein Solubilization
Aliquots of mitochondria were thawed on ice and 
then centrifuged (7,750 × g for 10 min) to pellet the 
mitochondria. The supernatant was discarded and 
200 μL of the extraction buffer was added to the pellet 
(8.3 M urea, 2 M thiourea, 2% 3-[(3-Cholamidopropyl)
dimethylammonio]-1-propanesulfonate, and 1% dithio-
threitol at pH 8.5). Crude mitochondrial pellets were 
resuspended in extraction buffer and shaken vigor-
ously for 30 min at 4°C. Samples were then centrifuged 
again at 10,000 × g for 30 min. The supernatant was re-
served and the protein concentrations were determined 
using a Bradford Quick Start protein assay (Bio-Rad 
Laboratories). The samples were adjusted to a final pro-
tein concentration of 8 mg/mL using the extraction buffer.
Protein Profile Comparisons
To determine the extent to which the isolated mito-
chondria protein profiles of skeletal muscle and liver re-
late to feed efficiency differences in pigs, 4 separate 2D 
difference in gel electrophoresis (DIGE) experiments 
(comparisons) were conducted on the same samples 
and duplicate gels were run for each of the 26 compari-
sons across the 4 DIGE comparisons. The comparisons 
(Table 2) were based on RFI selection line, RFI pheno-
type, and performance data and included 1) between RFI 
selection lines (high and low; n = 18), 2) high versus low 
RFI phenotype regardless of selection line (n = 18), 3) 
RFI phenotype within the high RFI selection line only 
(n = 9), and 4) RFI phenotype within the low RFI selec-
tion line only (n = 9).
Two-Dimensional Difference in Gel Electrophoresis
Two-dimensional DIGE was used to determine dif-
ferences in protein profile between the 2 groups within 
each of the 4 separate comparisons to address the proj-
ect objective. Procedures outlined previously for DIGE 
(Anderson et al., 2012; Gardan-Salmon et al., 2011) 
were followed, with minor modifications. For each com-
parison, a pooled sample, to serve as a reference, was 
created from an equal amount of protein from all sam-
ples for a particular tissue or muscle. The pooled sample 
was also used in protein identification gels.
Each individual sample (50 μg) was labeled with 
CyDyes 3 or 5 (GE Healthcare, Piscataway, NJ) accord-
ing to the manufacturer’s directions. CyDyes were al-
ternated between low and high RFI samples (Tonge et 
al., 2001). CyDye 2 was used to label the pooled refer-
ence sample for each design. For each individual run, 
15 μg of labeled protein (CyDye 3 or 5) from a high 
and low RFI sample was used in addition to the pooled 
reference (CyDye 2) for a total of 45 µg of protein per 
gel. DeStreak Rehydration Solution (GE Healthcare) 
with 2.5 mM DTT was added to the protein mixture to 
the volume specified by the strip manufacturer (200 μL). 
The protein mixture was added to individual wells in a 
reswelling tray and an immobilized pH gradient (IPG) 
strip (11 cm, pH 4 to 7; GE Healthcare) was placed on 
top of the mixture and allowed to rehydrate overnight at 
room temperature in a humidified chamber. Isoelectric 
focusing was performed on an Ettan IPGphor isoelectric 
Table 2. Four comparisons using pigs genetically selected 
for high versus low residual feed intake (RFI). A total of 18 
pigs (n = 9 per line) were allocated according to the objective 
for each comparison. The between-line comparison used 
only genetic line. The RFI across line comparison grouped 
individuals based on their RFI phenotype irrespective 
of genetic selection line. In the within high RFI and low 
RFI line comparisons, pigs were grouped based on RFI 
phenotype within their respective genetic line. Average RFI 
phenotype differences are reported per pair
RFI phenotype
n = 9 per group
Between line
n = 9 per group
Gel pairing Type RFI pair 
difference
Gel pairing Type RFI pair 
difference
1 Low –0.215 1 Low –0.215
High High
2 Low –0.275 5 Low –0.214
High High
3 Low –0.283 6 Low –0.288
High High
4 Low –0.235 8 Low –0.299
High High
5 Low –0.214 9 Low –0.366
High High
6 Low –0.288 14 Low –0.309
High High
7 Low –0.287 15 Low 0.250
High High
8 Low –0.299 16 Low –0.060
High High
9 Low –0.366 17 Low –0.112
High High
Within high RFI
n = 4 per group
Within low RFI
n = 4 per group
3 Low –0.283 2 Low –0.275
High High
7 Low –0.287 4 Low –0.235
High High
12 Low –0.282 10 Low –0.205
High High
13 Low –0.197 11 Low –0.281
High High
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focusing system (GE Healthcare) for a total of 14,500 
V h. After isoelectric focusing, strips were equilibrated 
using two 15 min washes, first with equilibration buf-
fer (50 mM Tris-HCl pH 8.8, 6 M urea, 30% glycerol, 
2% SDS, and trace amounts of bromophenol blue) with 
65 mM DTT and second with equilibration buffer with 
135 mM iodoacetamide.
Equilibrated strips were loaded onto 12.5% SDS-
PAGE gels (acrylamide: N,N’-bis-methylene acrylamide 
100:1, 0.1% SDS, 0.05% tetramethylethylenediamine, 
0.05% ammonium persulfate, and 0.5 M Tris-HCL, pH 
8.8) using agarose as an overlay. Samples were run 
on an Ettan DALT SIX system (GE Healthcare) using 
24 cm wide gels placing two 11 cm strips on each gel. 
Each gel was run in duplicate, with separate isoelectric 
focusing steps and SDS-PAGE steps. Gels were imaged 
using an Ettan DIGE Imager (GE Healthcare). Images 
were processed and analyzed using DeCyder 2D soft-
ware version 6.5 (GE Healthcare).
Spots determined to be different by analysis with 
DeCyder in each comparison were selected for identifi-
cation. Unlabeled pooled protein references from each 
tissue (750 μg) were resolved using two-dimensional gel 
electrophoresis and stained with Colloidal Coomassie 
Blue Stain (1.7% ammonium sulfate, 30% methanol, 3% 
phosphoric acid, and 0.1% Coomassie G-250) for a mini-
mum of 24 h before destaining in water for a minimum 
of 24 h. All reagents and buffers used during the protein 
identification step were filtered (Stericup Filter Unit, pore 
size 0.22 μm; Millipore Corp., Billireca, MA) before use 
to reduce potential contamination. Each identification 
gel was run in duplicate and selected spots excised from 
both gels were combined into a single sample for protein 
identification. Excised spots were excised and sent to the 
Iowa State University Protein Facility for identification. 
In-gel digestion (via trypsin or Lys C endopeptidase) 
using Genomics Solution ProGest (Chelmsford, MA) 
was performed. Peptides were dissolved in alpha-cyano-
4-hydroxycinnamic acid (5 mg/mL in 50% CH3CN/0.1% 
Trifluoroacetic acid) and deposited to a matrix-assisted 
laser desorption/ionization (MALDI) target. Matrix-
assisted laser desorption/ionization mass spectrometry 
was performed using a QSTAR XL Quadrupole time-of-
flight mass spectrometer equipped with an orthogonal 
MALDI ion source (AB/MDS Sciex, Toronto, Canada). 
Peak lists were generated by Analyst QS version 1.1 (AB/
MDS Sciex). Spectra were processed by MASCOT data-
base search version 2.2.07 (MatrixScience, London, UK). 
Search conditions included maximum one missed cleav-
age, fixed modification (carboxyamidomethyl cysteine), 
variable modification (oxidation of methionine), peptide 
mass tolerance of ±100 ppm, and fragment mass toler-
ances of ±1 Da. Molecular weight search (Mowse) score 
was the basis for protein identification and a threshold 
of less than 0.05 was used (Tables 2 and 3). A minimum 
of 3 peptides were required to confirm the identity of a 
protein and to be considered for discussion. Proteins not 
meeting these criteria are included in Tables 3 and 4 but 
not discussed in the context of RFI.
Western Blot Confirmations and  
Phosphoprotein and Total Protein Staining
A select number of spots identified by MALDI 
mass spectrometry were confirmed through the use 
of 2D western blots. The reference sample, compris-
ing equal portions of all samples analyzed, was used 
for all western blots. Proteins selected for confirmation 
included heat shock protein (HSP) 70, ATP synthase 
subunit β, and HSP60 (Fig. 1). Antibodies for western 
blots were purchased from Abcam (Cambridge, MA). 
A total of 80 μg of protein were loaded onto 7 cm, pH 
4 to 7 IPG strips with a total volume of 150 μL, as 
described previously. Strips were passively rehydrated 
overnight and isoelectric focusing and equilibration 
were performed according to the manufacture’s proto-
col, as describe previously. After equilibration, strips 
were loaded onto 12.5% SDS-PAGE gels and run over-
night at 20 V. Gels were then transferred and traditional 
western blotting techniques were used as described by 
Melody et al. (2004).
Staining for phosphoproteins and total protein was 
conducted using 11 cm, pH 4 to 7 strips loaded with 
150 μg of protein and run under conditions previously 
described. Strips were equilibrated and placed onto 
12.5% SDS-PAGE gels and run at 40 V overnight. Gels 
were then stained using ProQ Diamond Phosphoprotein 
Stain (Molecular Probes Inc., Eugene, OR), following 
the manufacturers protocol. Gels were imaged using an 
Ettan DIGE Imager. Following imaging for phosphopro-
teins gels were stained with SyPro Ruby Total Protein 
Stain (Molecular Probes Inc., Eugene, OR) following 
the manufacturer’s protocol. Gels were then imaged us-
ing an Ettan DIGE Imager.
Statistical Analysis
Growth and performance data were analyzed us-
ing the Proc Mixed procedure in SAS (SAS Inst. Inc., 
Cary, NC.), with a fixed effect of RFI group within the 
comparisons (e.g., high RFI line, low RFI line, high RFI 
phenotype, and low RFI phenotype) and random effect 
of day of euthanasia. In the growth analysis, differences 
with a P ≤ 0.05 were considered statistically significant. 
In the DeCyder analysis for the 2D-DIGE, spots present 
in 50% or more of the images with a P-value ≤ 0.15 were 
initially selected for identification. Additional prominent 
spots were also sent for identification.
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Table 3. Proteins identified in mitochondria from the liver, with individual peptides and Mowse1 score
 
Enzyme2
Spot  
ID3
Protein  
ID
 
Species
 
Accession
 
pI4
Mass, 
kDa
Coverage, 
%
 
Peptides
Mowse
score
Trypsin 1 Predicted:  
Heat Shock  
Protein 70
Sus scrofa gi|311250237 5.81 73.9 11 K.DAGQISGLNVLR.V
K.VQQTVQDLFGR.A
R.TTPSVVAFTADGER.L
R.AQFEGIVTDLIKR.T
K.LLGQFTLVGIPPAPR.G
K.NAVITVPAYFNDSQR.Q
305
Trypsin 2 Heat Shock  
70 kDa  
protein 9
Mesocricetus  
auratus
gi|298351697 4.89 40.6 22 K.DAGQISGLNVLR.S
R.VQQTVQDLFGR.A
R.TTPSVVAFTADGER.Q
R.AQFEGIVTDLIKR.A
R.VQQTVQDLFGRAPSK.S
K.NAVITVPAYFNDSQR.Q
R.QAVTNPNNTFYATKR.R
313
LysC 11 60 kDa Heat 
Shock Protein, 
mitochondrial
Gallus gallus Q5ZL72 5.72 61.1 4 K.APGFGDNRK.N
K.GRTVIIEQSWGSPK.V
52
LysC 12 60 kDa Heat 
Shock Protein, 
mitochondrial
Homo sapiens P10809 5.70 61.1 7 K.GRTVIIEQSWGSPK.V
K.CEFQDAYVLLSEK.K
K.FDRGYISPYFINTSK.G
102
LysC 12.1 60 kDa Heat 
Shock Protein, 
mitochondrial
Gallus gallus Q5ZL72 5.72 61.1 7 K.LNERLAK.L
K.APGFGDNRK.N
K.NAGVEGSLIVEK.I
K.GRTVIIEQSWGSPK.V
95
Trypsin 13 ATP Synthase beta 
subunit
Bos taurus P00829 5.15 56.2 26 R.IPVGPETLGR.I
K.VVDLLAPYAK.G
R.IMNVIGEPIDER.G
K.AHGGYSVFAGVGER.T
R.FTQAGSEVSALLGR.I
R.VALTGLTVAEYFR.D
K.VALVYGQMNEPPGAR.A
K.VALVYGQMNEPPGAR.A + Oxidation (M)
R.LVLEVAQHLGESTVR.T
R.DQEGQDVLLFIDNIFR.F
R.AIAELGIYPAVDPLDSTSR.I
522
Trypsin 14 ATP Synthase beta 
subunit
Rattus 
norvegicus
gi|1374715 4.92 51.2 17 K.AHGGYSVFAGVGER.T
K.VALVYGQMNEPPGAR.A + Oxidation (M)
R.LVLEVAQHLGESTVR.T
K.VLDSGAPIKIPVGPETLGR.I
R.AIAELGIYPAVDPLDSTSR.I
345
Trypsin 15 Mitochondrial 
ATP Synthase 
H+ transporting 
F1 complex beta 
subunit
Sus scrofa gi|89574051 4.99 47.1 26 K.AHGGYSVFAGVGER.T
K.VALVYGQMNEPPGAR.A
K.VALVYGQMNEPPGAR.A + Oxidation (M)
R.LVLEVAQHLGESTVR.T
R.IMDPNIVGSEHYDVAR.G
K.VLDSGAPIKIPVGPETLGR.I
R.AIAELGIYPAVDPLDSTSR.I
R.FLSQPFQVAEVFTGHLGK.L
515
Trypsin 20 Aldehyde 
dehydrogenase, 
mitochondrial
Bos taurus P20000 7.55 57.0 8 R.VVGNPFDSR.T
R.AAFQLGSPWR.R
K.TIPIDGDYFSYTR.H
R.TFVQEDIYAEFVER.S
154
Trypsin 23 Aldehyde 
Dehydrogenase
Homo sapiens P49419 8.21 59.0 12x  K.IWADIPAPK.R
R.MIGGPILPSER.S + Oxidation (M)
R.EENEGVYNGSWGGR.G
R.RLFIHESIHDEVVNR.L
R.GEVITTYCPANNEPIAR.V
145
Trypsin 25 Medium-chain 
specific acyl-CoA 
dehydrogenase, 
mitochondrial
Sus scrofa P41367 8.51 46.9 8 K.ANWYFLLAR.S
R.EEIIPVAAEYDR.T
K.IYQIYEGTAQIQR.I
100
1Mowse = molecular weight search.
2Enzyme used to digest the protein spots prior to Tandem Mass Spectrometry.
3ID = identity. 
4pI = isoelectric point. 
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RESuLTS
Between Residual Feed Intake Line Comparison 
(Comparison Number 1) and Growth Performance
Growth and performance data for all 4 comparisons 
are summarized in Table 1. In the between-line com-
parison, as expected, the average RFI value was signifi-
cantly lower in the low RFI line than in the high RFI 
line (–0.15 and 0.03 ± 0.07 kg/d for the low and high 
RFI lines, respectively; P < 0.02). Average daily gain 
and ADFI were also significantly higher in the high RFI 
line (P < 0.05). The other comparisons—RFI phenotype 
across lines, within the high RFI line, and within the low 
RFI line—revealed similar results; RFI and ADFI were 
greater in the high RFI group in all contrasts. There were 
no differences in final BW between the high versus low 
RFI groups in each of the 4 comparisons (P > 0.05).
Differentially abundant mitochondrial proteins iden-
tified in the liver included HSP70 (mitochondrial specif-
ic), HSP60, ATP synthase subunit β, lactate dehydroge-
nase, and acyl CoA dehydrogenase (Fig. 2; Table 3). In 
the between-line comparison, the level of these proteins 
was between 18 and 50% greater in the mitochondria 
from the more efficient low RFI line. These differenc-
es were not observed in the other 3 comparisons: RFI 
phenotype irrespective of phenotype across lines and 
within the high and low RFI lines. This supports the no-
tion that genetic selection for RFI results in less variation 
and therefore more consistent and detectable changes in 
the mitochondria protein profile when compared to just 
RFI index or index within line. Alternatively, differences 
in RFI phenotype could be governed by factors such as 
other cellular organelles and systems.
The β subunit of ATP synthase was identified in 3 
spots (13, 14, and 15) in liver mitochondria. All 3 identi-
fied spots were more abundant in the low RFI animals 
in the between-line comparison (23 to 37%; P < 0.01). 
Multiple spots were also identified as HSP60 (3 spots, 11, 
12, and 12.1), HSP70 (spots 1 and 2), and aldehyde de-
hydrogenase (spots 20 and 23; Fig. 2). All 3 spots identi-
fied as HSP60 were more abundant in the low RFI line 
than in the high RFI line. The most basic identified spot 
of HSP60 (spot 11) was 30% more abundant (P = 0.077), 
spot 12 was 47% more abundant (P = 0.027), and spot 
12.1 (the most acidic spot) was 50% more abundant (P = 
0.029) in the comparison of the low versus high RFI line 
Table 4. Proteins identified in mitochondria from the longissimus dorsi, with individual peptides and Mowse1 score
 
Enzyme2
Spot  
ID3
Protein  
ID
 
Species
 
Accession
 
pI4
Mass,  
kDa
Coverage,  
%
 
Peptides
Mowse
score
Trypsin 5 Desmin Sus scrofa P02540 5.21 53.7 9 R.TSGGAGGLGPLR.A
R.INLPIQTFSALNFR.E
R.TFGGAPSFPLGSPLSSPVFPR.A
101
Trypsin 12 Annexin-A6 Homo sapiens P08133 5.42 76.2 2 K.ALIEILATR.T
R.STPEYFAER.L
55
Trypsin 16 Alpha, actin skeletal muscle Sus scrofa P68137 5.23 42.4 14 K.AGFAGDDAPR.A
R.AVFPSIVGRPR.H
K.SYELPDGQVITIGNER.F
R.VAPEEHPTLLTEAPLNPK.A
146
Trypsin 22 Heat shock 70 kDa protein 8 Bos taurus P19120 5.37 71.4 4 R.ARFEELNADLFR.G
K.TVTNAVVTVPAYFNDSQR.Q
48
Trypsin 23 Heat shock 70 kDa protein 8 Bos taurus P19120 5.37 71.4 5 K.DAGTIAGLNVLR.I
R.ARFEELNADLFR.G
R.TTPSYVAFTDTER.L
91
Trypsin 25 Predicted: Cytochrome 
bc1 complex subunit 1, 
mitochondrial
Sus scrofa gi|335299041 5.76 53.3 5 R.MVLAAAGGVEHR.Q + Oxidation (M)
R.ADLTEYVSQHYKAPR.M
87
1Mowse = molecular weight search.
2Enzyme used to digest the protein spots prior to Tandem Mass Spectrometry.
3ID = Identity. 
4pI = Isoelectric Point. 
Figure 1. Comparison of the 4 techniques used to identify protein spots. 
Fluorescent staining of proteins through two-dimensional (2D) difference in 
gel electrophoresis (DIGE; CyDye 3 is shown; GE Healthcare, Piscataway, 
NJ), SyPro Ruby total protein stain, ProQ Diamond phosphoprotein stain 
(for identification of proteins that are posttranslationally modified with a 
phosphate), and a 2D western blot of heat shock protein 70 (HSP 70), ATP 
synthase (Syn) subunit β, and HSP 60. See online version for figure in color.
 at Serials Acquisitions Dept on November 21, 2014www.journalofanimalscience.orgDownloaded from 
Feed efficiency and the mitochondria proteome 2001
liver mitochondria. A similar trend was seen for the 2 
spots identified as HSP70: spot 1 was 18% more abun-
dant (P = 0.071) and spot 2 was 30% more abundant in 
(P = 0.017) in the low RFI line than in the high RFI line. 
The 2 spots identified as aldehyde dehydrogenase were 
in greater abundance in the low RFI line by 34 (spot 
20; P = 0.041) and 26% (spot 23; P = 0.088). In addi-
tion to the multiple spots identified for other proteins, a 
single spot of medium chain acyl-CoA dehydrogenase 
was identified and was of greater abundance (24%) in 
the mitochondria from the liver from the low RFI line 
than the high RFI line (P = 0.01).
Interestingly, no significant differences in the pro-
tein profile of mitochondria from the LD were observed 
between the 2 lines. However, identified proteins includ-
ed desmin, α-actin, HSP70, and subunit 1 of the cyto-
chrome bc1 complex (Fig. 3; Table 4).
Residual Feed Intake Phenotype  
Comparison (Comparison Number 2)
When comparing pigs based on RFI phenotype ir-
respective of line, no significant differences in the mito-
chondria from the LD were observed for proteins identi-
fied from spots in the RFI phenotype comparison, except 
for aldehyde dehydrogenase; 1 of 2 identified spots of 
aldehyde dehydrogenase was decreased in abundance in 
the low RFI phenotype pigs compared to the high RFI 
phenotype pigs (spot 23; 32%; P < 0.05; Table 5).
Within High Residual Feed Intake Line  
Comparison (Comparison Number 3)
Proteome analysis within the high RFI line showed 
both desmin and annexin-A6 to be different in abun-
dance in the LD mitochondria. Desmin was greater 
abundance in LD mitochondria preparations from low 
RFI phenotype pigs when compared to the high RFI 
phenotype pigs (68%; P = 0.009). Annexin-A6 was de-
termined to have lower abundance in the low RFI phe-
notype pigs than in the high RFI phenotype pigs (–31%; 
P = 0.013). In the mitochondria isolated from the liver, 
no differences in protein expression were observed for 
the proteins identified.
Within Low Residual Feed Intake Line  
Comparison (Comparison Number 4)
The comparison within the low RFI line showed 
that the LD mitochondria from high versus low RFI 
Figure 2. A representative two-dimensional difference in gel 
electrophoresis gel from the liver mitochondrial fraction showing identified 
proteins (Table 3). A total of 45 µg of CyDye (GE Healthcare, Piscataway, NJ) 
labeled protein (15 µg of each CyDyes 2, 3, and 5) was loaded onto a 11 cm, 
pH 4 to 7 immobilized pH gradient strip for the first dimension and the second 
dimension was run on a 12.5% SDS-PAGE gel. Proteins labeled with CyDye 3 
are shown. MW = Molecular Weight; pI = Isoelectric Point.
Figure 3. A representative two-dimensional difference in gel 
electrophoresis gel from the longissimus dorsi mitochondrial fraction 
showing identified proteins (Table 4). A total of 45 µg of CyDye (GE 
Healthcare, Piscataway, NJ) labeled protein (15 µg of each CyDyes 2, 3, and 
5) was loaded onto a 11 cm, pH 4 to 7 immobilized pH gradient strip for the 
first dimension and the second dimension was run on a 12.5% SDS-PAGE 
gel. Proteins labeled with CyDye 3 are shown. MW = Molecular Weight; pI = 
Isoelectric Point.
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phenotype individuals yielded the greatest number 
of spots with differing abundances. Alpha actin and 2 
spots identified as HSP70 were more abundant in the 
LD mitochondria from the low RFI phenotype pigs (58, 
51, and 42%, respectively; P < 0.05). There was also a 
tendency for cytochrome bc1, subunit 1, to be decreased 
in abundance in the low RFI phenotype pigs when com-
pared to the high RFI phenotype pigs within the low RFI 
line (43%; P = 0.087). Interestingly, no differences in 
protein profile in the identified proteins were observed 
in the mitochondria from the liver.
Western Blotting and Phosphostaining
Confirmation of spots identified as HSP70, HSP60, 
and ATP synthase β was performed via 2D western blot 
(Fig. 1). In addition to the confirming the identity of the 
3 proteins, phosphostaining was performed to determine 
if the individual spots identified were phosphorylated. 
All of the spot identified as HSP60, HSP70, and ATP 
synthase β subunit were phosphorylated.
DISCuSSIoN
Mitochondrial reactive oxygen species (RoS) pro-
duction is closely associated with feed efficiency in pigs 
(Grubbs et al., 2013a) and poultry (Bottje et al., 2002). 
However, the cause of these differences has eluded re-
searchers. We have reported the unique protein profile 
and PTM differences in comparisons of pigs that were 
genetically and phenotypically divergent in feed efficien-
cy during the growing period. The differences in growth 
performance reported in these comparisons are consistent 
with previously published results from these same lines 
of pigs (Cai et al., 2008; Grubbs et al., 2013b; Harris et al., 
2012; Smith et al., 2011) and another similar swine RFI 
genetic selection project (Barea et al., 2010; Lefaucheur 
et al., 2011). Phenotypic differences in RFI without ge-
netic selection for RFI have also been reported in cattle 
Table 5. Two-dimensional difference in gel electrophoresis comparisons in mitochondria isolated from liver tissue. 
A total of 18 pigs (n = 9 per line) were allocated according to the objective for each comparison. The between-line 
comparison used only genetic line. The residual feed intake (RFI) across line comparison grouped individuals based 
on their RFI phenotype irrespective of genetic selection line. In the within high RFI and low RFI line comparisons, 
pigs were grouped based on RFI phenotype within their respective genetic line.
Assigned spot number Protein ID1 Ratio2 P-value SE3 Ratio2 P-value SE3
Between line RFI across lines
1 Heat Shock Protein 70 –1.30 0.017 0.26 –1.09 0.51 0.32
2 Heat Shock Protein 70 –1.18 0.071 0.25 –1.06 0.55 0.32
11 Heat Shock Protein 60 –1.50 0.029 0.33 –1.04 0.60 0.40
12 Heat Shock Protein 60 –1.47 0.027 0.32 –1.05 0.59 0.39
12.1 Heat Shock Protein 60 –1.30 0.077 0.31 –1.04 0.97 0.40
13 ATP Synthase Subunit β –1.31 0.007 0.24 1.01 0.94 0.31
14 ATP Synthase Subunit β –1.37 0.002 0.26 –1.03 0.75 0.29
15 ATP Synthase Subunit β –1.23 0.016 0.25 1.04 0.67 0.30
20 Aldehyde Dehydrogenase –1.34 0.041 0.30 –1.06 0.65 0.35
23 Aldehyde Dehydrogenase –1.26 0.088 0.27 –1.32 0.041 0.31
25 Medium Chain Acyl-CoA Dehydrogenase –1.24 0.01 0.24 –1.00 0.97 0.26
RFI within high RFI Line RFI within low RFI Line
1 Heat Shock Protein 70 1.10 0.71 0.42 –1.20 0.51 0.44
2 Heat Shock Protein 70 1.09 0.64 0.42 –1.14 0.60 0.40
11 Heat Shock Protein 60 1.32 0.47 0.60 –1.19 0.61 0.52
12 Heat Shock Protein 60 1.28 0.44 0.55 –1.46 0.40 0.56
12.1 Heat Shock Protein 60 1.25 0.38 0.49 – – –
13 ATP Synthase Subunit β 1.22 0.52 0.35 1.06 0.81 0.39
14 ATP Synthase Subunit β 1.27 0.44 0.42 –1.05 0.79 0.44
15 ATP Synthase Subunit β 1.23 0.35 0.38 1.03 0.85 0.40
20 Aldehyde Dehydrogenase 1.36 0.29 0.47 –1.20 0.57 0.47
23 Aldehyde Dehydrogenase 1.07 0.52 0.40 –1.08 0.71 0.46
25 Medium Chain Acyl-CoA Dehydrogenase 1.16 0.46 0.30 –1.22 0.13 0.36
1ID = Identity. 
2Negative values indicate an increase in abundance in the more efficient low RFI pigs and positive values indicate an increase in abundance in the less efficient 
high RFI pigs, within the comparison.
3Standard error of normalized abundance.
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(Bottje and Carstens, 2009; Kolath et al., 2006). The dis-
tinction between genetically selected RFI lines and phe-
notypic RFI differences is important when interpreting 
the molecular and cellular differences between high and 
low RFI animals. Factors influencing these differences 
include nutrient digestibility, protein turnover, environ-
ment, and cellular processes. An example of differences 
between genetically selected animals and phenotypic dif-
ferences was observed in 2 separate studies on RFI in 
beef cattle. The first study used cattle (n = 195) from a 
single generation of genetic selection (McDonagh et al., 
2001) and the other used RFI phenotype in a randomly 
selected group (n = 40; Kolath et al., 2006). Changes in 
protein profile were not collected. However, 12th rib fat 
depth was significantly decreased (P < 0.05) in the low 
RFI line in the genetic selection study; in the random 
selection study, 12th rib fat depth was not significantly 
different between the 2 RFI groups (low RFI = 2.16 cm 
and high RFI = 1.92 cm; P = 0.15). A greater amount of 
biological variation in the random selection group may 
account for the lack of differences observed in the phe-
notypic RFI comparison. The result that differences in 
protein abundance were detected in the genetic line com-
parison could be explained by a consistent response to 
selection, indicating that genetic selection for RFI may 
be a better model for the explanation of biological dif-
ferences in feed efficiency than phenotypic differences 
in RFI. For example, in the between-line comparison in 
mitochondria from the liver, all proteins identified were 
18 to 50% more abundant in the more efficient low RFI 
line. These differences were not observed in the other 3 
comparisons of RFI phenotype irrespective of line, with-
in the high RFI line, and within the low RFI line. These 
observations indicate there may be a more consistent 
mitochondrial protein profile shift in pigs genetically se-
lected for RFI. Evidence for this consistency is observed 
in the SE for the protein abundance in the between RFI 
line and RFI index comparisons. The SE for normalized 
abundance for spot 12.1 in the RFI phenotype was 0.40. 
In the between-line RFI comparison, the SE for normal-
ized abundance for spot 12.1 was 0.31. A similar trend 
was observed for spot 15. In both cases (spot 12.1 and 15) 
the protein was significantly more abundant in the low 
RFI line in the between RFI comparison and not different 
in the RFI index comparison.
The results that show differences in mitochondria 
proteome in response to selection for RFI index compared 
to RFI phenotype alone could be interpreted several ways. 
The first explanation is that genetic selection for RFI in-
dex results in a direct change in abundance of individual 
proteins and their isoforms. The greater underlying differ-
ences lead to the enhanced ability to detect those differ-
ences. This may be because the line comparison is based 
on 8 generations of selection; the phenotypic comparisons 
are based on 1 group of pigs from the same generation. A 
second explanation is the possibility that observed differ-
ences in the line comparison could be false positives or 
the results from the other comparisons could be false neg-
atives. Certainly statistical power may be an explanation 
for this result in the within-line comparisons. Finally, the 
explanation for differences in RFI phenotype may be in-
dependent of mitochondria proteome. In fact other factors 
including protein turnover (Cruzen et al., 2013), stress 
(Bottje et al., 2006; Bottje and Carstens, 2009; Grubbs et 
al., 2013a), and potentially other cellular organelles and 
the systemic physiological response to those factors likely 
will contribute to changes in the observed RFI phenotype. 
In contrast, 8 generations of selection for RFI may have 
resulted in a stable shift in mitochondria proteome.
This project used the second parity of the eighth 
generation of selection for low RFI. Selection for high 
RFI line began after the fifth generation of selection for 
low RFI (Cai et al., 2008). Before the fifth generation, 
the high RFI line was a randomly selected control group, 
meaning genetic selection for high RFI lags 5 genera-
tions behind the selection for low RFI in the low RFI 
line. As with previously published reports in genetic se-
lection for RFI in pigs, there was no difference in the 
final BW between the lines (Lefaucheur et al., 2011; 
Smith et al., 2011). Data from this study and previously 
published reports (Boddicker et al., 2011; Harris et al., 
2012) on these same lines of pigs indicate that genetic 
selection for RFI may provide a good model for under-
standing molecular differences in RFI when compared 
to single phenotypic comparisons. Residual feed intake 
was different in all 4 comparisons; however, differences 
in protein profile of the mitochondria isolated from the 
LD and liver were inconsistent across the 4 comparisons.
The phenotype-based RFI comparisons in this study 
used the same pigs as the between-line RFI line com-
parison; however, the experimental design was only by 
RFI value, irrespective of line. Overall, a greater number 
of protein profile changes were observed in the RFI line 
comparison. The 4 comparisons in this experiment pro-
vide important evidence that rather than relying solely 
on phenotypic differences, genetic selection for RFI 
results in less variation to the mitochondria proteome, 
highlighting the molecular differences in mitochondria 
between the RFI lines. A recent report of differences in 
protein profile between obese and lean pigs show similar 
results that genetic selection may highlight protein pro-
file differences to a greater degree that phenotype alone 
(Li et al., 2013). In a whole muscle protein extraction, 
both ATP synthase β subunit and HSP60 were found to 
be increased in abundance in skeletal muscle in obese 
pigs when compared to skeletal muscle of lean pigs (Li 
et al., 2013).
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Heat shock protein 70, subunit 1 of the cytochrome 
bc1 complex, desmin, and α-actin were all identified in 
LD mitochondria. Both spots of HSP70 in the mitochon-
dria from the LD were more abundant in the low RFI 
group within the low RFI line (spots 22 and 23: 51 and 
42%, respectively; Table 6). Heat shock protein 70 iso-
forms are known for their “cytoprotective” effects (Fink, 
1999; Kiang and Tsokos, 1998) such as regulation of pro-
tein folding (Muller et al., 2013). Low HSP70 expression 
has been observed in cells and tissues that are not stressed 
(Kiang and Tsokos, 1998). An increase in HSP70 often 
coincides with an increase in cellular stress. Alternatively, 
an increase in HSP70 expression is thought to enhance 
the ability of a cell to handle an increase in cellular stress. 
Heat shock protein 70 blocks the activation of the apop-
tosis protease activation factor (APAF) by binding to the 
active site of APAF (Beere et al., 2000; Ravagnan et al., 
2001). By binding APAF, the activation of caspase-9 is 
blocked, inhibiting apoptosis. The greater abundance of 
HSP70 in the mitochondria from the LD in the low RFI 
group within the low RFI line comparison indicates pigs 
with low RFI phenotype could be more biologically pre-
pared to defend against cellular oxidative stress and apop-
tosis. This cellular preparedness could be responsible for 
the observed increase in efficiency of the low RFI line by 
decreasing the amount of energy a cell must expend in 
response to low levels of oxidative stress, increasing the 
amount of energy available for growth in low RFI pigs.
The individual spot identified as cytochrome bc1, sub-
unit 1 (Table 6; Fig. 2) tended to be greater in abundance 
in the mitochondria from the LD in the low RFI group in 
the within the low RFI line comparison (43%; P = 0.087). 
Cytochrome bc1 is also known as complex III in the elec-
tron transport chain and comprises 11 different subunits 
(Hunte et al., 2003; Iwata et al., 1998). Of the 11 subunits 
known, subunit 1 is 1 of 2 “core” subunits of complex 
III (Iwata et al., 1998). An increase in the expression of 
individual components of complexes of electron transport 
could indicate differences in the ability of electron trans-
port chain to efficiently produce ATP.
Respiration of the mitochondria may be influenced 
by the distribution of the mitochondria within a tissue. 
Oxygen supplied through the blood is necessary for 
full electron transport to occur. Unequal distribution of 
mitochondria within a tissue could cause oxygen depri-
vation in mitochondria dense areas. Desmin has been 
linked with to the distribution of mitochondria within 
the muscle cell due to mitochondrial interactions with 
the intermediate filaments (Capetanaki, 2002; Milner et 
al., 2000). A greater abundance of desmin was observed 
in the low RFI group within the high RFI line compari-
son. Desmin, while not directly related to mitochondrial 
function, does have a role in mitochondria distribution 
within the muscle cell and may be indicative of more 
efficient respiratory function (Milner et al., 2000). An 
equal distribution of mitochondria contributes to more 
efficient respiration and potentially ATP production. 
Table 6. Two-dimensional difference in gel electrophoresis comparisons in mitochondria isolated from the longissimus 
dorsi muscle. A total of 18 pigs (n = 9 per line) were allocated according to the objective for each comparison. The 
between-line comparison used only genetic line. The residual feed intake (RFI) across line comparison grouped 
individuals based on their RFI phenotype irrespective of genetic selection line. In the within high RFI and low RFI line 
comparisons, pigs were grouped based on RFI phenotype within their respective genetic line.
Assigned spot number Protein ID1 Ratio2 P-value SE3 Ratio2 P-value SE3
Between line RFI across lines
5 Desmin 1.16 0.11 0.21 1.04 0.61 0.24
12 Annexin-A6 1.10 0.38 0.23 1.00 0.93 0.32
16 Alpha actin 1.07 0.34 0.27 –1.14 0.39 0.34
22 Heat Shock Protein 70 –1.01 0.88 0.24 1.04 0.91 0.30
23 Heat Shock Protein 70 1.06 0.41 0.22 –1.09 0.54 0.30
25 Predicted: Cytochrome bc1 Complex subunit –1.16 0.59 0.28 1.02 0.57 0.34
RFI within high RFI Line RFI within low RFI Line
5 Desmin –1.68 0.009 0.42 –1.27 0.18 0.22
12 Annexin-A6 1.31 0.013 0.36 1.27 0.38 0.43
16 Alpha actin –1.30 0.079 0.36 –1.58 0.023 0.42
22 Heat Shock Protein 70 1.02 0.73 0.34 –1.51 0.008 0.40
23 Heat Shock Protein 70 –1.05 0.65 0.35 –1.42 0.001 0.37
25 Predicted: Cytochrome bc1 Complex subunit 1.25 0.30 0.41 1.43 0.087 0.43
1ID = Identity. 
2Negative values indicate an increase in abundance in the more efficient low RFI pigs and positive values indicate an increase in abundance in the less efficient 
high RFI pigs, within the comparison.
3Standard error of normalized abundance.
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Therefore, the differences in the abundance of desmin 
in the within high RFI line comparison may be pertinent 
to the discussion of biological efficiency. As such, the 
increase in abundance of desmin may impact respiration 
influencing mitochondrial growth and replication, im-
pacting energy usage and biological efficiency.
In the liver, the β subunit of ATP synthase in the liver 
mitochondria was found to be greater in abundance in the 
low RFI line for all 3 spots identified in the between RFI 
line comparison. The β subunit of ATP synthase is located 
in the F1 stalk and knob that extends into the mitochon-
dria matrix from the inner membrane (Boyer, 1997). The 
main function of the β subunit in the ATP synthase com-
plex is the conversion of ADP to ATP in electron transport 
chain (Boyer, 1997; Noji et al., 1997; Yoshida et al., 2001). 
The β subunit works in conjunction with the α subunit to 
form ATP in a “rotary engine” fashion (Noji et al., 1997). 
Previously, the α subunit of ATP synthase was identified 
in generation 7 of the RFI line as being more abundant 
in the more efficient low RFI line in mitochondria from 
the red portion of the semitendinosus muscle (Grubbs et 
al., 2013b). The increase in ATP synthase β subunit could 
indicate an increase in the ability to produce ATP or an 
increase in overall ATP production. Either scenario is con-
sistent with the increase in efficiency observed in the low 
RFI line. The production of more ATP with less dietary 
energy would increase pork production efficiency by de-
creasing dietary intake. No differences in the expression 
of the ATP synthase subunit β were detected in the other 3 
comparisons (P = 0.35 to 0.94).
In the liver HSP70, HSP60, and medium chain acyl-
CoA dehydrogenase expression were not observed to be 
different in the phenotype comparison. Heat shock pro-
tein 70 was identified in 2 spots at a similar molecular 
weight in the liver mitochondria. In the between RFI line 
comparison, both spots of HSP70 (spots 1 and 2 in Fig. 
2) were increased in the more efficient low RFI line (30 
and 18%; P = 0.017 and P = 0.071, respectively). A PTM 
is indicated by a result such as this. Heat shock proteins 
are highly conserved across species; between humans 
and mice there is a 98.4% homology between mitochon-
drial HSP70 (GRP75_Mouse and GRP75_Human). The 
mitochondrial isoform of HSP70 has not been sequenced 
in the pigs. However, with the high degree of homology 
and the ample characterization in other species, PTM in 
the form of phosphorylations were hypothesized and con-
firmed in this study. Several phosphorylation modifica-
tions of HSP70 are known to exist in humans, mice, and 
hamsters (Kiang and Tsokos, 1998). In human HSP70, 
a phosphorserine at residue 200 and a phosphotyrosine 
at residue 568 have been reported. Phosphorylation will 
have minimal impact on the molecular weight of a pro-
tein. However, as a protein becomes more phosphory-
lated the isoelectric point will decrease. This change in 
isoelectric point could be linked to changes in function or 
activity, as observed in other pathways.
Heat shock protein 60 was determined to be phosphor-
ylated. Heat shock protein 60 has long been suggested to 
play an anti-apoptotic role in the cell (Shan et al., 2003) 
and control protein homestasis (Voos, 2013). A total of 3 
spots were identified as HSP60 and all were increased in 
the low RFI line in the between RFI line comparison. This 
may indicate mitochondria from the liver in the more ef-
ficient low RFI line may be better suited to handle stress 
and limit apoptosis and mitophagy. Heat shock protein 60, 
like HSP70, is also highly conserved across species and 
has yet to be sequenced in the pig. Heat shock protein 
60, identified in spots 11, 12, and 12.1, has high homol-
ogy with both Homo sapiens (spot 12) and Gallus gallus 
(spots 11 and 12.1). The homology between the 2 latter 
species is 94%. Several phosphorylations of HSP60 have 
been reported in humans: phosphoserine at residue 70 and 
2 phosphotyrosines at residues 223 and 227. These modi-
fications indicate that multiple spots, depending on the 
number of phosphorylations, could be present.
With the potential for phosphorylations present for 
the proteins identified, phosphostaining was undertaken 
to establish if the spots identified as HSP60, HSP70, and 
ATP synthase β subunit were indeed phosphorylated. As 
reported in Fig. 1, all of the spots identified as HSP60, 
HSP70, and ATP synthase β subunit were phosphorylat-
ed. It is also widely known that phosphorylations play an 
important role in protein function. In the case of HSP70, 
both spots identified were increased in the more efficient 
low RFI line and both were phosphorylated, possibly 
indicating an increase in activity of HSP70 in the mito-
chondria of pigs from the low RFI line. Phosphorylation 
of ATP synthase β subunit has been implicated in the 
control of ATP synthesis in type 2 diabetes in humans 
(Højlund et al., 2003). These data support the hypoth-
esis that the proteins identified change in abundance and 
phosphorylation and that these changes influence animal 
phenotype (Davies et al., 2000).
Genetic selection for RFI in pigs has provided a 
model that allows researchers to elucidate some of the 
biological differences in feed efficiency. The 4 compari-
sons made in this study provide evidence that genetic 
selection for RFI impacts the protein profile of the mito-
chondria from the liver and LD muscle in growing pigs. 
In the between RFI line comparison, genetic RFI lines 
were found to differ in RFI phenotype and mitochon-
drial protein profile. Identification of proteins related to 
ATP production and cellular rescue indicate changes in 
metabolism that impact efficiency. Conversely, the other 
phenotype-based comparisons indicated limited differ-
ences in protein profile. These data indicate that genetic 
selection for RFI and phenotypic differences of RFI 
impact the protein profile of mitochondria in different 
 at Serials Acquisitions Dept on November 21, 2014www.journalofanimalscience.orgDownloaded from 
Grubbs et al.2006
ways. The protein profile of mitochondria consistently 
aligned more with genetic selection than RFI phenotype. 
Future studies undertaken with the intent of understand-
ing biological differences in RFI should focus on genetic 
line differences rather than solely on RFI phenotype dif-
ferences. By using this approach, the results may yield 
an indication of how the biological differences of feed 
efficiency, energy, and ROS production affect livestock.
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